implies that there must also be induced composite gauge bosons in the adjoint of K, which appear in covariant derivatives of the Goldstone composites in the effective action. We illustrate the group theory with an explicit calculation for the case G = SU(n + 1), H = SU(n) × U(1), for which the Goldstone composites form a triplet (together with an additional singlet)
under an induced SU(2) gauge group. Possible relevance of this mechanism to electroweak dynamical symmetry breaking is briefly discussed.
2
In studying further unification of the standard model at higher energies, the possibilities available for model building are closely intertwined with the possible symmetry breaking mechanisms for gauge theories. Standard grand unification approaches assume symmetry breaking to the standard model by the Higgs mechanism, while "technicolor" approaches are based on Goldstone mode chiral symmetry breaking of the technicolor force, both in analogy with familiar phenomena within the standard model. Clearly, if alternative symmetry breaking pathways for gauge theories were to exist, these could lead to new approaches to constructing extensions of the standard model.
In this note we shall discuss possibilities that arise when a non-Abelian gauge symmetry group G is spontaneously broken dynamically through the presence of a composite condensate C A , with A the index of a non-trivial representation under G, that acquires a nonzero vacuum expectation value. Recent work [1] on "color superconductivity" in high density quantum chromodynamics establishes that there are closely analogous circumstances where non-trivially transforming composites can obtain nonzero ground state expectations in dense systems. We shall take as the starting point of our discussion the hypothesis that there may be gauge systems where a similar phenomenon happens at zero density. We shall not attempt to address the difficult non-perturbative question of the existence of such systems or the dynamics of condensate formation, but rather will exploit the fact that once such a condensate is postulated, the classification of associated symmetry breaking phases can be undertaken by effective action methods, in analogy with the classic Ginzburg-Landau phenomenological treatment of superconductivity.
Let us start then, with a local gauge group G with gauge potential A jµ acting on some set of fermionic and bosonic gauge fields. To quantize this system, one must adopt a gauge fixing that breaks G down to a global symmetry; Elitzur's theorem [2] then permits spontaneous symmetry breaking of G to some non-Abelian subgroup H, with a composite C A of the underlying fields, that transforms non-trivially under G but as a singlet under H, obtaining a nonzero vacuum expectation. Associated with this spontaneous symmetry breaking will be the appearance of Goldstone modes, with quantum numbers corresponding to those generators of G that lie outside the subgroup H.
To study the phases associated with the condensate, we will utilize the fact that, even though gauge fixing is necessary, it is possible to construct [3] a gauge invariant effective action Γ as a functional of the underlying fields and the condensate. Sufficiently near the phase transition leading to nonzero condensate, we can expand the effective action density However, in the dynamical symmetry breaking case when C A is a composite, the coefficient α can have any sign or magnitude, and so there are three possible symmetry breaking phases corresponding to α positive, zero, or negative. The case of α positive corresponds to a Higgs phase with the characteristics just described, while the cases α = 0 and α negative correspond to possible new phases, that we shall term "null" and "tachyonic"
respectively. In the tachyonic phase, the gauge fields corresponding to the broken generators of G pick up a negative mass-squared, and so the potentials arising from static sources are oscillatory rather than screened at spatial infinity and can have long range effects. Clearly, the structure of the theory in this case will be strongly influenced by the form of the higher order terms denoted by ... in Eq.
(1); we will not attempt a further analysis of this phase here, beyond remarking that there may be cases in which the tachyonic phase is continuous with the simpler null phase, on which we focus henceforth.
In the null phase, dynamical symmetry breaking results in the generation of no tree level mass terms for the gauge gluons, which continue to have massless propagators; the effect of symmetry breaking on the higher order terms denoted by ... in Eq.
(1) will take the form of modifications to the gauge gluon vertices. Hence the Goldstone modes are not swallowed by the gauge gluons in the null phase. Since in general the Goldstone modes transform nontrivially under the unbroken subgroup H, they cannot appear in the asymptotic spectrum; instead they will be confined by the H color force, with only H singlet composites of the Goldstones appearing as physical states. Let us now consider the action on these composites of local gauge transformations of the original group G. Acting singly, the generators of G that do not commute with C A are not symmetries of the effective action governing the low energy dynamics of the Goldstone composites, but if one forms H singlet correlations of multiple transformations by these generators of G, and if the resulting composite transformations (which form a group) leave the condensate C A invariant, then they must leave the low energy effective action for the Goldstone composites invariant. Since under the group of H singlet correlated local gauge transformations the Goldstone composites can form multiplets of an induced non-Abelian group K, different from G and H, the effective action for the Goldstone composites must be invariant under K. This requires the existence of composite gauge gluons in the adjoint representation of K, which can be used to construct appropriate covariant derivatives for the composite Goldstone multiplets.
To sum up, the null phase contains two types of H singlet composites. First, there are Goldstone composites, the lowest lying of which will almost certainly be scalar (or pseudoscalar), which form multiplets under a gauge group K induced by the H singlet multiple actions of the generators of G. Second, there are composite gauge gluons transforming according to the adjoint representation of the induced group K, which are coupled to the Goldstone composites through a K-invariant effective action.
Let us illustrate the group theory just described with a concrete example, constructed by taking G = SU(n + 1) and H = SU(n) × U(1). Under the breaking SU(n + 1) → SU(n) × U(1), the adjoint of SU(n + 1) decomposes as follows,
where the appropriately normalized U(1) charge is indicated in parentheses. The SU(n) singlet 1 and octet n 2 − 1 are the generators of H, and the n and n are the SU(n + 1)
generators F +j and F −j , j=1,...,n, that are broken by the condensate. The Goldstone bosons arising from spontaneous symmetry breaking have quantum numbers corresponding to the broken generators, and so form an n and an n of SU(n), which we denote respectively by g +j and g −j , j=1,...,n. Since these are not H singlets, they are confined by the H color force 6 and do not appear in the physical spectrum, but the H singlet composites (with repeated j indices summed)
are physical states. In Eq. (3) Let us now use the fact that we can make independent local gauge transformations at different spatial locations, which can be correlated so as to from H singlets. Specifically, acting on each factor in g 1,+ with a different F −ℓ , and correlating these latter to form an H singlet, we can define a new state g 1,0 with U(1) charge 0, given by
with N 1 a normalization constant. Acting similarly on each local factor in g 1,0 we get a state with U(1) charge −3, which must necessarily be a multiple of g 1,− ,
with N 2 a second normalization constant. Acting similarly with further multiple commutators with F −ℓ gives zero, since the states g ±j are members of an SU(n + 1) adjoint representation, which contains no states with U(1) charge smaller than −1. (To confirm that 7 the constants N 1,2 in Eqs. (4) and (5) are in general nonzero, we have computed the case in which all factors F −ℓ , g +j in Eqs. (4) and (5) are replaced by the corresponding generator matrices acting on the fundamental n + 1 representation of SU(n + 1), for which the combinatorics can be simply carried out [4] .) We see that the states g 1,+ , g 1,0 , g 1,− form a vector multiplet, with respective U(1) charges 3, 0, and −3, of an induced group K = SU(2); the state g 0,0 , which is annihilated by multiple actions with F +ℓ or with F −ℓ has no partners, and so is a singlet under this induced SU(2) group. The example of the state g 0,0 , which is simultaneously an H = SU(n) × U(1) singlet and an induced K = SU(2) singlet, but transforms non-trivially under the original SU(n + 1), shows that one can have a condensate C A with these properties. When C A is K as well as H invariant, the low energy effective action of the Goldstone composites must then have both of these properties. As we have argued above, this requires that the induced SU(2) composite Goldstone multiplet must be accompanied by a triplet of composite SU(2) gauge gluons, that permit the construction of SU(2) covariant derivatives acting on the Goldstone composites.
The scenario just described may lend itself to the construction of alternative models for dynamical electroweak symmetry breaking, with the Goldstone composites acting as
Higgs fields. The masslessness of the Goldstones that are bound in the composites would then provide a natural mechanism for the occurrence of light, rather than unification scale, Higgs
masses. An attempted composite model along these lines, using the SU(4) → SU(3) × U(1) case of the example described above, is given in [5] . In order to obtain the necessary chiral structure of the weak interactions, a further mechanism beyond the one discussed in this note is needed. One possibility, proposed in [5] , is that the underlying gauge group G is vectorlike, but that there is a discrete chiral doubling of the induced gauge gluon spectrum, which 8 with appropriate parity assignments can give the induced SU(2) a chiral structure. Another (and more conventional) possibility is that the underlying gauge group G is chiral rather than vector-like, and that the induced SU(2) inherits this underlying chiral structure. We note also that if the usual SU(3) color group were responsible for binding composite Higgs particles and electroweak gauge gluons, then these would behave as hadrons, but since their constituent "partons" are not quarks, their strong interactions with conventional hadrons would be highly suppressed by the Zweig-Okubo-Iizuka rule [6] .
In closing, we remark that Eq. (1) suggests as a model for further study the double "Mexican hat" Euclidean action density
which is positive definite for positive λ, σ, and in which the Higgs, null, and tachyonic phases correspond to the different possibilities for the sign and magnitude of η.
